The rainbow trout estrogen receptor (rtER) is a positively autoregulated gene in liver cells. In a previous report, we showed that upregulation is mediated by an estrogen response element (ERE) located in the proximal promoter of the gene and that a half binding site for nuclear receptors (5-TGACCT-3) located 15 bp upstream of the ERE is involved in the magnitude of the estrogen response. We now report that the human orphan receptor COUP-TF and a COUP-TF-like protein from trout liver are able to bind to the consensus half-site. When cotransfected with the rtER gene proximal promoter, COUP-TF had no regulatory functions on its own. Interestingly, COUP-TF enhanced rtER transactivation properties in the presence of estradiol in a dose-dependent manner when cotransfected with the rtER gene promoter. Unliganded retinoid receptor heterodimers had the same helper function as COUP-TF in the presence of estradiol but were switched to repressors when the ligand all-trans-retinoic acid was added. Mutation of the consensus half-site only slightly reduced COUP-TF helper function, suggesting that it actually results from a complex mechanism that probably involves both DNA binding of COUP-TF to the promoter and protein-protein interaction with another transcription factor bound to the promoter. Nevertheless, a DNA-binding-defective mutant of COUP-TF was also defective in ER helper function. Competition footprinting analysis suggested that COUP-TF actually establishes contacts with the consensus upstream half-site and the downstream ERE half-site that would form a DR-24-like response element. Interaction of COUP-TF with the DR-24 element was confirmed in footprinting assays by using nuclear extracts from Saccharomyces cerevisiae expressing COUP-TF. Finally, interaction of COUP-TF with mutants of the rtER gene promoter showed that COUP-TF recognizes the ERE when the upstream half-site is mutated. These data show that COUP-TF may activate transcription through interaction with other nuclear receptors. This cross-talk between liganded nuclear receptors and orphan receptors is likely to modulate the spectrum of action of a particular ligand-receptor complex and may participate in the cell-type specificity of the ligand effect.
Estrogen signaling pathways are involved in vertebrate reproduction as well as brain modelling and cell division (14, 25, 27, 39, 40, 62, 72) . These hormones interact with a nuclear estrogen receptor (ER) to modulate transcription through DNA palindromic sequences, called estrogen response elements (EREs), located in their target genes (10, 17) . The ER is part of a large family of transcription factors that share a similar general structure but differ in their binding sites and ligand effectors (10, 17, 43) . This family includes receptors for sexual and adrenal steroids, retinoids, thyroid hormone, vitamin D, and ecdysone and a number of receptors whose ligands are still unknown and which are called orphan receptors (43, 47) . One of these orphan receptors, COUP-TF, is the most highly conserved member of the family, suggesting a conservation of COUP-TF functions from sea urchins to humans (5, 11, 12, 22, 30, 45, 46, 68, 69) .
The estrogen responsiveness of a particular target cell is intimately linked to the amount of ER that the cell can produce. Thus, knowing how the transcriptional activity of the ER gene is controlled is a key issue for the understanding of the cellular ability to respond to the hormone. Furthermore, activity of the ER gene has been clearly associated with the development of some types of human breast carcinomas (62) , and studying the regulation of the ER gene might also contribute to the understanding of the alterations in gene activities leading to carcinogenesis in humans. So far, very little information has been gained about ER gene regulation in mammals. This might be partly due to the complexity of the ER gene organization, since alternative promoter usage takes place in different cell types (16, 24) . Several studies carried out with breast cancer cell lines have shown that low levels of estrogen can increase the ER mRNA content of these cells, whereas high levels of estrogen decrease the ER mRNA content (3, 56, 57) . From the work of Saceda et al. (57) , it appears that estradiol (E2) can upregulate the ER gene activity in MCF-7 cells, but the DNA sequences mediating this effect are still unknown. In several oviparous species and in rat, such an autoregulation has been shown in liver cells, where estrogen exert a positive control on ER mRNA and/or protein levels (48, 49, 61, 65) . We have recently demonstrated that in rainbow trout, upregulation is mediated by two distinct mechanisms: estrogen induces both a stabilization of the rainbow trout ER (rtER) mRNA and an increase in the rtER gene Cell culture and transient transfection. CHO-K1 cells were grown in 24-well plates at 37°C in phenol red-free Dulbecco's modified Eagle's medium-F12 (Sigma) containing 10% fetal calf serum (BioWhittaker). The medium was replaced by Dulbecco's modified Eagle's medium-F12 supplemented with 10% charcoal-treated fetal calf serum 1 h before transfection. Cells were transfected by using a calcium phosphate DNA precipitation method (51) with 800 ng of each reporter plasmid in the presence of 100 ng of pCH110 (a ␤-galactosidase expression plasmid) and various amounts of receptor expression plasmids. After 18 h, cells were washed once with phosphate-buffered saline, and the hormones were added. Cells were harvested 36 h later for luciferase and ␤-galactosidase assays. Luciferase activities were normalized for transfection efficiency with the ␤-galactosidase activities. For human COUP-TF (hCOUP-TF) expression, COS-1 cells were transfected by the same method.
Preparation of nuclear extracts. Briefly, nuclei were purified on a sucrose gradient as described previously (8) . Nuclei were then lysed, and the supernatant was kept after centrifugation. The protein concentration ranged from 5 to 16 mg/ml.
Preparation of whole-cell extracts (WCEs). COS-1 cells were harvested, washed in PBS, and resuspended in TEG (10 mM Tris-HCl [pH 7.4], 1.5 mM EDTA, and 10% glycerol)-0.4 M KCl containing 5 g each of aprotinin, leupeptin, and pepstatin A per ml and 0.1 mM phenylmethylsulfonyl fluoride. The cells were then homogenized in a Dounce homegenizer, and the cellular debris were pelleted. The supernatant was dialyzed twice for 2 h against 1,000 volumes of dialysis buffer (25 mM HEPES [pH 7.6], 0.1 mM EDTA, 40 mM KCl, 10% glycerol, 1 mM dithiothreitol).
Expression of COUP-TF in Saccharomyces cerevisiae. The hCOUP-TF-coding sequence was inserted in the BglII site of plasmid pEMBLye30/2. Yeast strain BJ 2168 was transformed with the recombinant plasmid, and nuclear proteins were extracted as described by Ponticelli and Struhl (52) . These nuclear proteins were used for EMSA and footprinting experiments.
EMSA. WCEs of transfected COS-1 cells and nuclear extracts from rainbow trout liver were used for these experiments. Four micrograms of WCE or 1 g of nuclear extract was preincubated with 1 g of poly(dI-dC) in 20 l of binding buffer (20 mM HEPES [pH 7.9], 1 mM dithiothreitol, 50 mM KCl, 10% glycerol, 2.5 mM MgCl 2 ) at room temperature for 15 min. The samples were then incubated with 32 P-labeled probes (Ϸ15,000 dpm), and eventually with competitors, for 20 min at room temperature. Protein-DNA complexes were separated from the free probe by nondenaturating electrophoresis in 4% polyacrylamide gels in 0.5ϫ TBE (45 mM Tris base, 45 mM boric acid, 1 mM EDTA) at 4°C. For EMSA with recombinant retinoid receptors, 50 ng of bacterially expressed mRAR␣⌬A/B and 50 ng of mRXR␣⌬A/B (a gift from P. Chambon, Strasbourg, France) were used. For EMSA with wild-type and C 141 3S hCOUP-TF, receptor proteins were produced in vitro in reticulocyte lysate (TNT system; Promega). Similar amounts of protein were produced in both cases, as assessed by incorporation of [ 35 S]methionine. Footprinting analysis. Footprinting reactions were run as previously described (32), using 30 g of nuclear extracts from trout liver or pituitary, as well as various amounts of yeast nuclear extracts, and a 209-bp fragment from the rtER gene promoter spanning nucleotides Ϫ247 to Ϫ39. G and GϩA sequencing reactions were performed as described previously (44) .
Western blot analysis. Male trout were treated or not with E2 (0.5 mg/kg) for 48 h before extraction of liver nuclear proteins. Twenty micrograms of nuclear proteins was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by electrotransfer onto a polyvinylidene difluoride membrane. For detection of COUP-TF-like proteins, a Western-light protein detection kit from Tropix (Bedford, Mass.) was used. The blot was incubated with the primary FIG. 1 . Sequence of the rtER gene promoter from bp Ϫ148 to ϩ12. The transcription start point is bp ϩ1. This DNA fragment forms an estrogenresponsive unit in which three footprinted areas (FP1, FP2, and FP3) can be observed with trout liver nuclear extracts (32) . Three transcription start points have been evidenced by primer extension analysis (31) and are shown as ϩ1 in a box presenting an Inr-like motif. The thick bar above the nucleotide C in the box indicates that it is the major start point. Some of the oligonucleotides (oligo.) used in this study are positioned above the promoter sequence.
antibodies (anti-ARP-1 antiserum diluted 1/500) as described by the manufacturer. This antiserum (a gift from S Karathanasis) has already been described and recognizes both hCOUP-TF and hARP-1 (42) .
RESULTS
The hCOUP-TF and a trout COUP-TF-like protein bind to the rtER gene promoter. The rainbow trout ER gene promoter has recently been cloned and characterized (31, 33, 36) . This sequence forms a TATA-less INR ϩ promoter and includes several binding sites for nuclear factors. DNase I footprinting analysis with trout nuclear extracts revealed three major DNAprotein interaction sites called FP1, FP2, and FP3 (32) . Whereas FP3 resembles mostly a binding site for an Oct-like transcription factor, FP2 includes a half recognition site for nuclear receptors (TGACCT) and FP1 contains an ERE (Fig.   1 ). Cotransfection assays with MCF-7 cells (ER positive) with wild-type promoter or mutated footprinted sequences revealed that (i) the ERE is absolutely required for estrogenic induction and (ii) the FP2 and FP3 sequences are involved in the magnitude of the estrogenic induction (32) . Thus, this 150 bp of the rtER gene promoter forms an estrogen-responsive unit. In order to determine which factor(s) was involved in the FP2 half-site recognition, we first examined the sequences surrounding this half-site and detected two other potential halfsites forming either a palindrome-like structure without a spacer (Pal-0) or a DR-11-type response element with a 5Ј degenerate half-site located in the 3Ј end of the FP3 area ( Fig.  2A) . As shown in Fig. 2A , the two degenerate half-sites could also form an inverted palindrome with a 5-bp spacer (IP-5). We thus designed an oligonucleotide covering the DR-11 se- The sequence corresponding to FP2 is boxed, as is the 3Ј part of FP3. This sequence corresponds to the oligonucleotide used as a probe in EMSA in panels B and C. Examination of the sequence revealed the existence of one consensus half-site and two degenerate putative half-sites. Half-sites are indicated by arrows that show their orientations. Depending on their combination, they can form either a DR-11, a Pal-0, or an IP-5. wt, wild type. (B) The major complex-forming protein on the FP2/3 probe is likely to be a member of the nuclear receptor superfamily. Competition EMSAs were run with 32 P-labeled FP2/3 as a probe and trout liver nuclear extract (1 g) from an E2-injected male. The competitors were double-stranded oligonucleotides as indicated and were used at a 150-fold molar excess. BSA, bovine serum albumin. (C) The hCOUP-TF orphan receptor and a COUP-TF-like protein from trout liver bind to FP2/3. Four micrograms of WCEs from COS cells transfected with pECE-hCOUP-TF or 1 g of trout liver nuclear extract from an E2-injected male were used in EMSAs with FP2/3 as a probe. The COUP-TF-DNA-specific complex is shown by an arrowhead, and the complex supershifted by the anti-ARP-1 antiserum is shown by an asterisk. Two different concentrations of serum (1ϫ and 2ϫ) were used. (D) Western blot analysis of trout liver nuclear extracts with the anti-ARP-1 immune serum. Twenty micrograms of liver nuclear proteins, extracted either from a control male or from an E2-injected male, was used for sodium dodecyl sulfate-polyacrylamide gel electrophoresis. After electrotransfer, the membrane was incubated with the anti-ARP-1 immune serum. Positions of the molecular mass markers are shown on the left. quence, which was called FP2/3, since it encompassed nucleotides from the two footprinted areas. When this oligonucleotide was used as a probe in EMSA with trout liver nuclear extracts, two complexes were detected (Fig. 2B) , with complex 2 being the most abundant. Different oligonucleotides were used as competitors for binding to FP2/3. The glucocorticoid response element (GRE) oligonucleotide slightly competed for FP2/3 binding, since the amounts of both complexes 1 and 2 were reduced. The FP3 competitor abolished complex 1, suggesting that this complex is not due to an interaction between a nuclear factor and the FP2 half-site. The ERE (FP1) and FP2 oligonucleotides (Fig. 1) completely abolished the formation of complex 2, whereas FP2/3 as a competitor abolished both complexes 1 and 2. These data indicate that complex 2 is due to a nuclear factor that has affinity for an ERE as well as for FP2 alone. Furthermore, the TGACCT half-site of FP2 is required for binding of this factor to FP2/3, since the FP3 oligonucleotide did not compete. This nuclear factor (complex 2) is very likely to be a member of the nuclear receptor family with quite flexible DNA binding properties. Since COUP-TF is the most flexible receptor of the superfamily in terms of DNA recognition (7), we first analyzed the ability of hCOUP-TF to bind to FP2/3 by EMSA. WCEs from COS cells transfected with an hCOUP-TF expression vector were incubated with 32 P-labeled FP2/3 oligonucleotide. As shown by competition with different oligonucleotides (GRE, DR-1, and FP2/3) as well as supershifting by an anti-ARP-1 antiserum, hCOUP-TF can bind to the FP2/3 sequence (Fig. 2C ). When we used trout liver nuclear extracts, a major complex migrated at the same position as the hCOUP-TF/FP2/3 complex (note that due to a shorter exposure time than used for Fig. 2B , the only complex detected in Fig. 2C corresponds to complex 2 in Fig. 2B ). Competition and supershifting experiments showed that the trout liver protein behaved like hCOUP-TF. Due to the very high conservation of the COUP-TF protein during evolution, the ARP-1 antiserum was able to recognize a single COUP-TF-like protein from trout liver (which we call rtCOUP-TF) with an approximative molecular mass of 49 to 50 kDa (Fig. 2D) , which is in the range of masses for hCOUP-TFs (70) . When a shortterm E2 treatment was applied to male trout, no modifications in the trout COUP-TF-like protein levels were observed (Fig.  2D ), suggesting that rtCOUP-TF is not regulated by estrogen, at least under conditions that are sufficient to induce rtER and vitellogenin synthesis in these animals (49) . These data show that a COUP-TF-like protein is expressed in trout liver and is the major FP2/3 binding protein in this tissue. The trout COUP-TF-like factor shows DNA binding flexibility and can bind to the FP1 ERE. As already mentioned, the major FP2/3 binding protein present in trout liver nuclear extracts shows some affinity for the FP1 ERE (Fig. 2B) . We therefore analyzed COUP-TF binding to the ERE by using either COS cell-expressed hCOUP-TF or trout liver nuclear extracts (Fig. 3A) . EMSA revealed that hCOUP-TF binds to the FP1 ERE and that this binding can be specifically abolished by competition with two different COUP-TF binding sites (DR-1 and hARR) but not by competition with a GRE (the hARR oligonucleotide was used since it can be recognized by COUP-TF but not by retinoid receptors [38] ). Supershifting experiments with an anti-ARP-1 immune serum selectively modified the migration of one complex, suggesting that other complexes with COS cell endogenous proteins do not contain COUP-TF. Interaction of trout liver nuclear proteins with the FP1 ERE generated two main complexes (Fig. 3A) as well as a third complex that was faintly visible. Whereas complex 1 is likely to involve rtER, complex 2 results from interaction of rtCOUP-TF with the ERE, since it was abolished by competition with COUP-TF binding sites and was partially supershifted by the anti-ARP-1 antiserum (Fig. 3A) . It should be noted that incubation of nuclear extracts with the ERE in the presence of serum (either nonspecific serum or anti-ARP-1) dramatically enhanced the binding of the different proteins to the ERE so that the rtCOUP-TF-containing complex could not be completely supershifted by the anti-ARP-1 serum. These experiments show that COUP-TF expressed in trout liver can effectively bind to the FP1 ERE and thus could potentially compete with rtER for binding to this ERE. Competition experiments were then performed in order to estimate the relative affinities of COUP-TF and ER for different binding sites from the rtER gene promoter (FP1 and FP2/3) and for the well-known high-affinity binding site for COUP-TF, DR-1. Figure 3B shows that incubation of trout liver nuclear extracts with the 32 P-labeled FP-1 ERE led to the formation of two retarded complexes. Competition experiments with increasing amounts of competitors (1-, 2-, 10-, and 20-fold molar excesses) showed that the affinity of rtCOUP-TF (complex 2) for FP2/3 is higher than that for FP1 and that the opposite is true for rtER (complex 1). Thus, when both binding sites are present (rtER gene promoter), it is very likely that rtCOUP-TF VOL. 17, 1997 COUP-TFs ARE POSITIVE REGULATORS OF THE TROUT ER GENE 5057 occupies FP2/3 whereas the rtER binds to the ERE. Competition with the DR-1 oligonucleotide showed that the rtER does not bind to this sequence and that rtCOUP-TF has a much higher affinity for DR-1 than for FP2/3. hCOUP-TF and hARP-1 function as accessory factors for the ER. To assess the contribution of COUP-TF to the transcriptional activity of the rtER gene promoter in transfection experiments, two plasmids were generated: the 2.0-Basic reporter gene was made by introducing bp Ϫ2079 to ϩ28 of the rtER gene in front of the luciferase-coding sequence provided by the Basic vector, and the 0.2-Basic reporter gene was made by insertion of bp Ϫ207 to ϩ28 of the rtER gene in front of the luciferase-coding sequence. CHO-K1 cells were cotransfected with either reporter gene with or without the rtER expression vector and COUP-TF or ARP-1 expression vectors. When the rtER expression vector was cotransfected with the 2.0-Basic construct, a twofold induction of the luciferase activity was obtained in the presence of E2 (Fig. 4A) . When COUP-TF or ARP-1 expression vectors were cotransfected with the rtER expression vector, the E2-induced luciferase activity increased by about fourfold compared to that with rtER alone. COUP-TF on its own had no effect on the transcriptional activity of the reporter gene (i.e., it did not repress or activate the reporter gene). These results indicate that the orphan receptor COUP-TF is able to enhance rtER activation properties. Moreover, these transfection data show that the reporter gene is poorly activated in the absence of COUP-TF (transfection data will therefore be shown as fold induction by E2 instead of raw luciferase units). The shorter construct (0.2-Basic) had a quite similar responsiveness to rtER, and again COUP-TF or ARP-1 was able to enhance E2-induced luciferase activity (Fig.  4B) . The specificity of the COUP-TF and ARP-1 effect on rtER transcriptional activity was assessed by cotransfecting other nuclear receptors with the rtER. As depicted in Fig. 4C , none of the other receptors tested (i.e., TR␣, TR␤, and GR) could enhance rtER activity. Cotransfection of the rtER with increasing amounts of ARP-1 or COUP-TF expression vectors showed that the enhancer effect of COUP-TFs was dose dependent and saturable (Fig. 4D) , confirming the specificity of COUP-TF activity.
Unliganded RXR-RAR heterodimers have the same helper activity as COUP-TF. Numerous studies have shown that COUP-TF and retinoid receptors have extensive overlaps in their DNA binding sites (6, 7, 67) . We therefore decided to examine if retinoid receptors could enhance rtER activity like COUP-TF. The 0.2-Basic reporter gene was cotransfected in CHO-K1 cells with expression vectors coding for hRAR␣ and/or hRXR␣ (Fig. 5A ). RXR␣ and RAR␣ had no effect in the absence of the rtER. When RXR␣ alone was transfected with the rtER, there was no increase in the E2-induced luciferase activity compared to that with the rtER alone. Transfection of RAR␣ with the rtER induced a slight increase in E2-induced luciferase activity. Finally, when RAR␣ and RXR␣ were cotransfected with the rtER, the induction was the highest, suggesting the involvement of retinoid receptor heterodimers in helping rtER transactivation (Fig. 5A) . Surprisingly, when all-trans-retinoic acid was added to the cells, retinoid receptors turned out to be active repressors of ER transactivation, since it could completely block E2 induction of the luciferase activity (Fig. 5A ). This suppressive effect of retinoic acid on ER activity has already been reported, and the mechanism involved remains unclear (1, 9) . In an attempt to get some insight into this mechanism, we performed EMSAs with bacterially expressed RAR and RXR together with in vitrotranslated rtER with the FP1 ERE as a probe. In these experiments, retinoid receptors were able to bind to the ERE and to . However, when all-trans-retinoic acid was added, no further decrease in rtER binding was noticed, although alltrans-retinoic acid did bind to RAR, since the mobility of the RAR-RXR heterodimer was changed (data not shown). These data suggest that ligand-dependent repression of ER activity by retinoid receptors is likely to involve mechanisms other than DNA recognition, such as ligand-dependent titration of ER coactivators like p140 and p160 that have been shown to interact with both human ER and retinoid receptors (4, 18, 29) . We next tried to define the binding site for retinoid receptors in the proximal promoter of the rtER gene. Three different oligonucleotides covering FP1, FP2/3, and FP2/1 were used as probes in EMSA (Fig. 5B ) (see Fig. 1 for the positioning of FP1 and FP2/3 on the rtER gene promoter). The DR-5 retinoid response element of the RAR␤ gene (␤-RARE) was included as a high-affinity binding site for retinoid receptors. Figure 5B shows that bacterially expressed mRAR␣⌬A/B and mRXR␣⌬A/B bind quite efficiently to the FP2/1 probe as heterodimers. However, this binding was much weaker than that obtained with ␤-RARE (compare lanes 2 and 3 in Fig. 5B , left panel). The FP2/3 sequence, which is well recognized by COUP-TF, did not interact strongly with retinoid receptors, and the FP1 ERE showed a very weak interaction (detected after a longer exposure). These data suggest that retinoid receptors recognize a DNA sequence which is specifically present in the FP2/1 oligonucleotide and which might be different from the ERE, the putative DR-11, and the putative Pal-0 that are all present either in the FP2/3 or the FP1 oligonucleotide.
Such a response element could be provided by the two consensus half-sites (TGACCT) present in the FP2/1 oligonucleotide, which actually composes a DR-24, a widely spaced direct repeat such as those recently shown to bind retinoid receptors (23) . The COUP-TF helper effect is promoter specific and involves the FP2 sequence. The DNA sequences required for the COUP-TF helper effect were analyzed by using deletion mutants of the rtER gene promoter (see Materials and Methods and Fig. 6 for details) . Cotransfection analysis of these mutants revealed that FP3 and upstream sequences are not involved in COUP-TF helper function, since deletion mutants ⌬Kpn I #1 and ⌬Kpn I #2 behaved like the wild-type reporter gene (Fig.  6A) . Further deletion of the FP2 sequences (deletion mutant ⌬Kpn I #3) led to a decrease in COUP-TF helper activity but did not abolish it completely (Fig. 6A) . Thus, the FP2 half-site, although involved in COUP-TF helper function, might not be the only determinant of this phenomenon. These results raised the possibility that any given reporter gene harboring an ERE would be a target for COUP-TF helper function. To test this hypothesis, we cloned the FP1 ERE (from bp Ϫ85 to Ϫ56 of the rtER gene) in front of the simian virus 40 early promoter controlling the luciferase gene (FP1-SV-Luc). When cotransfected with the rtER and COUP-TF, no enhancing effect could be observed compared to rtER alone (Fig. 6B) , and cotransfection of COUP-TF actually resulted in a decrease in the E2-induced luciferase activity (Fig. 6B) . Similar results were obtained when we cotransfected retinoid receptors (data not shown). Thus, COUP-TF helper function is dependent on the 
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promoter context in which an ERE is present, and the occurrence of a half binding site upstream of this ERE facilitates this function. The FP2/3 sequence constitutes a composite COUP-TF binding site. Extensive examination of the FP2/3 area suggested that it could encompass several COUP-TF binding sites (halfsites are indicated in Fig. 7A) . Indeed, the TGGCAT and TGACCT sequences could form a DR-11 binding site which would provide the same stereoalignment as the DR-1 highaffinity COUP-TF binding site. A series of mutants has been examined by EMSA for binding to the trout liver-expressed COUP-TF-like protein. Results are given in Fig. 7A as intensity of binding to the different mutants estimated from direct binding and competition experiments. When the residues downstream of the 3Ј consensus half-site were mutated (mutant m2), no modification of rtCOUP-TF binding was observed. Mutation of the 5Ј half-site TGGCAT revealed that rtCOUP-TF partly binds to DR-11 (mutant m1). However, this mutation did not completely abolish rtCOUP-TF binding, suggesting the existence of alternative binding sites. In this respect, the FP2 sequence GGGTGTTGACCT could form a palindrome with a 0-bp spacer (Pal-0). To test this hypothesis, mutant m4 was incubated with trout liver nuclear extracts. A partial loss of binding was obtained, indicating that this Pal-0 is also involved in rtCOUP-TF binding. When mutant m3 (mutated consensus half-site TGACCT) was analyzed, the results showed that almost all COUP-TF binding was abolished. The extremely weak residual binding could be due to rtCOUP-TF interaction with the 5Ј half-site of DR-11 and the 5Ј half-site of Pal-0, which then would form an inverted palindrome with a 5-bp spacer (IP-5). In the case of the FP2/3 IP-5, the sequences of the two half-sites might be too degenerate to allow strong interaction with COUP-TF. Finally, when the complete Pal-0 sequence was mutated, no binding could be detected (mutant m6). Surprisingly, when 5Ј half-sites of both DR-11 and Pal-0 were mutated (mutant m5), rtCOUP-TF could still interact with the mutated sequence. This result suggests that rtCOUP-TF homodimers can interact with DNA sequences containing a single consensus half-site, TGACCT. Mutation m3 (a mutation greatly reducing COUP-TF binding [Fig. 7A] ) was introduced into the 2.0-Basic and 0.2-Basic reporter genes by SDM. The resulting mutants were analyzed in cotransfection experiments with rtER and COUP-TF expression plasmids. Figure 7B shows that mutation m3 decreased COUP-TF helper activity on the 2.0-Basic construct but did not completely abolish it. Similar results were obtained with the mutated 0.2-Basic reporter gene (data not shown). Introducing further mutations in the promoter sequences that destroyed every putative half-site actually did not further reduce COUP-TF helper activity (mutants m34 and m345) (data not shown). These data clearly demonstrate that mutation m3 is not sufficient to abolish the helper function of COUP-TF, which is in agreement with the results obtained with the deletion mutants (Fig. 6A) . It is thus likely that in the absence of the 3Ј half-site of DR-11, COUP-TF binds in vivo to another sequence and then enhances ER activity. Alternatively, COUP-TF could enhance ER activity through a combination of two distinct mechanisms: binding to the promoter and/or establishing contacts with a promoterbound transcription factor without direct interaction between COUP-TF and DNA. We therefore generated a COUP-TF mutant that had lost DNA binding activity (COUP-TF C 141 3S). Mutation of the fourth cysteine of the second zinc finger effectively disrupted the ability of COUP-TF to bind DNA as assessed by EMSA (Fig. 8A ) but also abolished its helper function in a cotransfection assay (Fig. 8B) . These data suggest that COUP-TF may require binding to the rtER gene promoter to exert its helper activity. On the other hand, we cannot rule out the hypothesis that COUP-TF directly contacts other proteins bound to the promoter through interactions that would require an intact conformation of the DNA binding domain (DBD). Indeed, it is likely that mutation C 141 3S induces a dramatic change in the DBD folding and thus precludes protein-protein interactions through this domain.
Footprinting analysis suggests that COUP-TF binds to a DR-24 element and modulates the rtER gene promoter conformation. In gel shift experiments with FP2/1 or a 209-bp fragment from the rtER gene (bp Ϫ247 to Ϫ39) as a probe, COUP-TF-ER or RAR/RXR-ER showed exclusive binding, implying that they bind to overlapping sites (data not shown). Since COUP-TF has more affinity for FP2/3 than for FP1, if DR-11 was the actual binding site, the ERE should remain free for interaction with the ER (or a second homodimeric COUP-TF complex). Nonetheless, no superretarded complex occurred when COUP-TF and the ER were coincubated with the 209-bp probe (the same observation could be made for RAR/RXR-ER interaction with the 209-bp fragment). These on January 26, 2018 by guest http://mcb.asm.org/ data actually imply that COUP-TF partially occupies the ERE.
To examine this possibility, we performed a DNase I footprinting experiment with trout liver nuclear extracts from E2-treated animals (which express high levels of rtER [about 800 fmol/mg of protein]) and the 209 bp fragment and used either a GRE or a DR-1 oligonucleotide as a competitor (Fig. 9 , lanes 4 to 6). Under these experimental conditions, the GRE oligonucleotide had no effect on FP1 and FP2 footprints and only slightly deprotected the 5Ј end of FP3, whereas the DR-1 oligonucleotide deprotected the FP2 half-site and modified the pattern of the FP1 protection (Fig. 9 , compare lanes 4 and 6), in that both ERE half-sites were now equally protected whereas in the absence of a DR-1 competitor, the upstream half-site was only slightly protected. Moreover, when the protection pattern obtained with liver nuclear extracts from untreated animals (which express low levels of rtER [less than 200 fmol/mg of protein] but COUP-TF levels similar to those of E2-treated animals [ Fig. 2D ] was examined, the upstream ERE half-site showed no protection whereas FP3, FP2, and the downstream ERE half-site were footprinted (Fig. 9, lane 2) . When pituitary nuclear extracts (which contains even lower levels of rtER but significant levels of COUP-TF [data not shown]) were used, the only protected sites were the FP2 and the downstream ERE half-sites (Fig. 9, lane 3) . These two half-sites actually form a DR-24-type response element, which is most likely the actual COUP-TF binding site on the rtER gene promoter. It should be mentioned that these two halfsites are separated by two DNase I-hypersensitive sites (Fig. 9 ) that are induced by the presence of nuclear extracts from livers of both treated and untreated animals, as well as from pituitaries, and this hypersensitivity decreases when the DR-1 com- petitor is added to the reaction mixture (Fig. 9) . All of these data suggest that COUP-TF binds to the DR-24 response element and, by doing so, modifies the DNA conformation of the promoter. In order to verify this hypothesis, we expressed hCOUP-TF in yeast (which lacks nuclear receptors) and used transformed yeast nuclear extracts in footprinting reactions with the rtER gene 209-bp promoter fragment (Fig. 10) . Expression of COUP-TF in transformed yeast cells was first checked by EMSA with a DR-1 probe (Fig. 10A ). Using the same nuclear extract in footprinting assays allowed us to establish that COUP-TF effectively binds to the DR-24 sequence, since the two half-sites that compose this DR-24 element were the only footprinted sequences (Fig. 10B) . Thus, in the absence of any other nuclear receptor, COUP-TF preferentially interacts with the DR-24 response element and not with FP2/3 or FP1. However, under these experimental conditions, no DNase I hypersensitivity sites were observed upon COUP-TF binding. This might be due to the absence of other promoter binding proteins or to the lower level of COUP-TF in yeast nuclear extract than in trout liver nuclear extracts.
Once the nature of the actual COUP-TF binding site had been established, we examined interaction of trout liver nuclear proteins with the rtER gene 209-bp wild-type fragment or with this fragment bearing mutations in either half-site of DR-24 and the ERE (Fig. 11) . Competition with cold DR-1 or GRE oligonucleotides suggested that rtCOUP-TF-like proteins interact with the DR-24 element either in the wild-type sequence or when the upstream ERE half-site is mutated (Fig.  11, lanes 1 to 4 and 13 to 16 ). COUP-TF DNA binding flexibility was once again evidenced when we used mutations destroying the DR-24 element (Fig. 11) . Indeed, when the FP2 half-site was mutated, competition reactions showed that the FP1 footprint was partly due to COUP-TF-like proteins interacting with the ERE (Fig. 11, lanes 5 to 8) , whereas when the downstream ERE half-site was mutated, COUP-TF-like proteins used the everted repeat with a 15-bp spacer (ER-15) formed by the FP2 half-site and the ERE upstream half-site to bind DNA (Fig. 11, lanes 9 to 12) . In these experiments, interaction of rtCOUP-TF-like proteins with the DR-24 element induced DNase I hypersensitivity between the two half-sites either with the wild-type sequence or with the ERE upstream half-site mutated sequence. Furthermore, when the mutated FP2 half-site probe was used, the upstream part of FP2 was footprinted and that footprint was not modified by addition of 2 and 3, respectively) . Lane GϩA, GϩA sequencing reaction for the DNA fragment (44) . The sequence of the DNA fragment is shown on the right, as are boxes delineating the different response elements.
the DR-1 competitor, indicating that a nuclear protein, different from COUP-TF, is able to interact with the upstream FP2 mutated sequence.
DISCUSSION
In this report, we show that the orphan receptors COUP-TF and ARP-1, as well as unliganded retinoid receptors, can enhance the ER transcriptional activity in the presence of E2. This activity differs considerably from the numerous inhibiting effects of these orphan receptors, which are mostly known as transcriptional repressors of other signaling pathways (6, 7, 26, 37, 66, 67, 71) . Other studies, however, led to the conclusion that COUP-TF and ARP-1 can be transactivators in some specific promoter contexts and are probably important developmental regulators (11, 12, 15, 19, 20-22, 28, 35, 38, 41, 42, 46, 50, 54, 60, 68) . These two apparently antagonistic behaviors suggest that COUP-TF-like transcription factors are involved in a broad spectrum of biological functions, which is in accordance with the lethality of COUP-TF or ARP-1 gene disruption (55) . The recent work of two different groups showed that the orphan receptors SF-1 and COUP-TF can cooperate with the ER and the glucocorticoid receptor, respectively (19, 34) . Such a cooperative effect resulted in both cases in an enhancement of the steroid-induced transcriptional activity of the reporter genes (19, 34) , but the mechanisms involved are still unknown. In the context of the rtER gene promoter, no cooperative effect of SF-1 with the ER could be evidenced (data not shown). In the light of our results, it appears that orphan receptors could be regulators of steroid receptor functions by providing an optimal DNA conformation for the ER to bind rather than by interacting with a common coactivator. Supporting this hypothesis is the observation that DNase I hypersensitivity occurs between FP2 and FP1 (Fig. 9) on the rtER gene promoter with all nuclear extracts tested and even in the presence of extremely low levels of rtER (i.e., in the case of pituitary nuclear extracts). Due to the large spacer of the DR-24 response element, COUP-TF homodimer binding to this site is likely to remodel the promoter conformation, and one would predict the appearance of DNase I hypersensitivity sites between the two half-sites, which is actually the case. We believe that in the absence of estrogens, COUP-TF maintains the rtER FIG. 11 . Footprinting analysis of trout liver nuclear protein interactions with wild-type and mutated rtER gene promoter 209-bp fragments. The 32 P-labeled promoter fragments indicated at the top were incubated with 30 g of bovine serum albumin (lanes 1, 5, 9, and 13) or 30 g of liver nuclear extract from an E2-injected male trout in the absence of competitor (lanes 2, 6, 10, and 14) or in the presence of a 100-fold excess of DR-1 competitor (lanes 3, 7, 11, and 15) or GRE competitor (lanes 4, 8, 12, and 16) . The sequence of the wild-type DNA fragment is shown on the right, as are boxes delineating the different response elements. Lanes GϩA, GϩA sequencing reactions for the DNA fragments (44) . Note that, for an unknown reason, the DNA fragments incubated with liver nuclear proteins migrated slightly faster than the same fragments incubated with bovine serum albumin, generating a 1-base shift on the autoradiogram. gene promoter in an "open state" that allows efficient binding of the ER in the presence of estrogens. It is likely that such a mechanism requires higher-order DNA organization like chromatin and thus might not be easily reproducible in simple in vitro assays such as EMSA or in vitro footprinting, in which ER and COUP-TF compete for overlapping sites.
Interestingly, the recent characterization of a genomic clone encoding the ER from the fish Oreochromis aureus revealed the presence of a functional ERE in the leading exon, as well as a TGACCC half-site that could form a DR-25 response element with the downstream ERE half-site (63, 64) . Comparison of the O. aureus sequence with that of the rtER gene showed a very high homology between the sequences and the spacings of the nuclear receptor binding sites (Fig. 12) , suggesting that they are important regulatory sites, since they are conserved between these two evolutionarily distant fish species (63) . The low impact of the FP2 half-site mutation in cotransfection assays could be explained by the fact that overexpressed COUP-TF may still interact with the promoter fragment through the downstream ERE half-site and another undetermined sequence further upstream or downstream or even through the ERE itself, as suggested by footprinting experiments with promoter mutants (Fig. 11) . Identical results have been obtained with a yeast system, suggesting that COUP-TF helper function is not due to artifacts generated by our cotransfection assay (our unpublished results). We have observed that COUP-TF was still able to interact with the FP2/3 m5 oligonucleotide, which contains only one consensus half-site. COUP-TF from liver extracts could thus accommodate DNA elements harboring a single half-site when appropriate posttranslational modifications have occurred. Indeed COUP-TF recognition of various DNA elements seems to be dependent on posttranslational modifications. For instance in vitro-translated hCOUP-TF did not bind to the FP1 ERE (data not shown), whereas COS-expressed hCOUP-TF and the trout COUP-TF-like protein did. Thus, COUP-TF binding to DNA might be even more flexible than previously thought under in vivo conditions. Alternatively, the COUP-TF helper effect might be dual and only partly due to direct binding to the rtER gene promoter. Another level of transcriptional control could result from protein-protein interaction between COUP-TF and a promoter-bound transcription factor, as in the case of the vHNF-1 promoter, where COUP-TF interacts with Oct-1 without direct DNA interaction (53) . Nevertheless, the data obtained with COUP-TF C 141 3S suggest that COUP-TF binding to DNA is necessary for its helper activity if the DBD fold is not required for protein-protein interactions.
From our data it seems that COUP-TFs play an important role in the control of the rtER gene, at least in liver cells. Immunohistochemical localization of COUP-TF-like factors in the trout forebrain with the anti-ARP-1 immune serum showed that rtER and COUP-TF are expressed in some overlapping areas of the ventral hypothalamus and preoptic area (data not shown), two areas where the rtER mRNA levels can be upregulated by estrogens (59) . Thus, COUP-TF would also be involved in brain ER autoregulation. COUP-like factors are crucial components of the differentiation programs of both fat cells and one particular photoreceptor cell type in Drosophila (20, 21, 28, 46) . In vertebrates, COUP-TF activity has been associated with the transcriptional regulation of a number of liver-expressed genes (15, 19, 35, 53, 60) . These studies, together with the present work, suggest that COUP-like transcription factors are involved in the phenotype specification of liver cells.
